Red pine (Pinus resinosa Ait.) and paper birch (Betulapapyrafera Marsh.) seedlings exposed to sulfur dioxide produced acetaldehyde and ethanol, and exhibited increased production of ethylene and ethane. Gas chromatographic measurement of head space gas from incubation tubes containing leaves or seedlings was a simple method of simultaneously measuring all four compounds. Increased ethylene production had two phases, a moderate increase from the gnnng of the stress period and a large increase just prior to appearance of leaf lesions. Ethane production in SO2-stressed plants did not 
production began within 6 hours at 03 microliter per liter SO2 and 24 hours at 0.1 microliter per liter SO2 and continued throughout a 6-day fumigation. Production of acetaldehyde and ethanol continued when plants were removed to clean air for up to 2 days. A higher concentration of SO2 (0.5 microliter per liter) induced acetaldehyde and ethanol production within 2 hours of the start of fumigation of birch and pine seedlings. A number of other stresses, including water deficit, freezing, and ozone exposure induced production of acetaldehyde and ethanol. Production of these compounds was not due to hypoxia, as the 02 partial pressure in the incubation vessels did not decline. Increasing the 02 partial pressure to 300 miimeters Hg did not affect production of these compounds. Production of ethylene, acetaldehyde, and ethanol declined when more than 80% of the leaf area became necrotic, while ethane production was linearly related to the percentage of necrosis. A number of woody and herbaceous plant species produced acetaldehyde and ethanol in response to freezing stress, while others did not. Measurement of these four compounds simultaneously in the gas phase may be a valuable method for monitoring plant stress, particularly air pollution stress.
Production of ethylene by plants increases as a result of environmental stress or wounding (16, 17) , and measurement of stress ethylene can be a useful indicator of the onset of stress and/or the degree ofstress which a plant is experiencing (14, 16) . For example, ethylene evolution by ozone-stressed plants was well correlated with the ozone dose in a large number of plant species (14) . There are difficulties with the use of stress ethylene as a diagnostic tool, however. Ethylene is produced by unstressed plants, and the amount varies with age of the tissue and with environmental conditions (16) . When stress results in death of cells, ethylene evolution declines. Therefore, the correlation between stress and ethylene evolution may be poor (5) .
Plants under stress also produce ethane, and unlike ethylene, the amount produced by unstressed plants is normally quite low.
Elstner and Konze (5) found that ethane evolution by freezing- ' Supported by the College of Agricultural and Life Sciences, University of Wisconsin, Madison. stressed plants was linearly correlated with the amount of leaf necrosis. Other studies indicated that ethane production is a common response to wounding (8, 10) , and simultaneous measurement of stress ethylene and ethane may be of considerable use in evaluating plant stress. Ethane evolution is the result of free-radical-mediated peroxidation of membrane linolenic acids and apparently occurs because free-radical scavenging mechanisms are overcome when cells are decompartmented (6, 7, 10) . Bressan et al. (2) and Peiser and Yang (12) reported that ethane is evolved from S02-stressed plants. The proposed mechanism is that Chl-initiated oxidation of bisulfite by a free-radical mediated process results in co-oxidation of linolenate (12) . We investigated the production of ethylene and ethane by woody plants exposed to SO2 in order to determine whether (a) measurement of ethylene and ethane can be a useful method for objectively evaluating environmental stress; and (b) whether ethane production is the result of a specific S02-driven process, as suggested by Peiser and Yang (12) , or the result of necrosis and decompartmentation of cells.
During gas-chromatographic measurement of ethylene and ethane production by woody plants, we found that ethanol and acetaldehyde were produced by stressed plants in addition to ethylene and ethane.
Ethanol and acetaldehyde production is usually associated with anaerobic processes such as occur in flooded plants. Under aerobic conditions, little or none ofthese glycolytic metabolites is normally produced (4) . Ethanol and acetaldehyde are also produced by some fruits, such as strawberries, and by deteriorating seeds (11, 15) . In all of these cases, reduced 02 availability or reduced 02 transport is thought to inhibit TCA electron transport leading ultimately to formation of acetaldehyde and ethanol (4) . Our experiments show that ethanol production by plants under stress does not require restricted 02 availability.
In the present study, we examined production of ethylene, ethane, acetaldehyde, and ethanol by woody plants exposed to S02 and water stress. Further experiments examined the production of these compounds as a result of several kinds of stress and wounding in a variety of woody and herbaceous plants. to remove traces of acetic acid and ethanol. One-ml samples of head space gas in the tubes and funnels were taken by injecting 1 ml air through the stopper and withdrawing 1 ml head space gas with a tuberculin syringe and 26-gauge needle. The needle was pushed into a rubber stopper to prevent leakage during transport to the gas chromatograph. Leakage rates from the tubes, funnels, and syringes were not significant over the time course of our experiments, although low concentrations of ethane may be slightly underestimated.
MATERIALS AND METHODS
In experiments with pine seedlings, the entire shoot was incubated. The seedling was excised just above the cotyledons and placed in a 14-ml tube (small seedlings) or a 25-ml tube (larger seedlings). Incubation conditions were as described above.
Gas Chromatography. One-ml samples of head space gas were injected onto a 183 x 0.32 cm stainless steel chromatography column containing 80/100 Porapak Q in a Hewlett-Packard gas chromatograph. The column oven was at 900C, and the carrier gas (N2) flow was 38 ml min-'. Peaks were detected by ionization in a H2 flame, and were identified by coelution with authentic compounds on columns of Porapak N, Porapak Q, and Apiezon L on Chromosorb W-HP (Anspec Co., Ann Arbor, MI). Verifi visible injury appeared. Ethanol and acetaldehyde production began in the high-stress plants within 6 h of the start of fumigation and reached a peak within 24 h. At the lower S02 concentration, traces of acetaldehyde were detectable by 24 h after the start of fumigation and the amount continued to increase throughout the stress period, while ethanol production peaked on the 3rd d and remained constant thereafter.
Removal of the plants from the fumigation chamber into clean air (Fig. 2, dashed lines) did not eliminate production of acetaldehyde or ethanol, but there was an approximately linear decrease in their production over 2 d. Plants exposed to 0.3 ,ul I 1 S02 for 3 d, then removed to clean air, continued to produce elevated levels of ethylene, but there was not a sharp increase, and no lesions formed by the end of the experiment (Fig. 2) .
Fumigation of pine and birch seedlings with higher concentrations of S02 for shorter periods caused similar changes (Fig. 3 ), except that: (a) the onset of ethanol and acetaldehyde production was more rapid; (b) there was no increase in ethane and no visible lesions formed during the course of the experiment; and (c) increased ethylene production in birch preceded production of acetaldehyde and ethanol, while in pine they increased simultaneously as in the experiment of Figure 2 . Several other differences were observed between the responses of birch and pine seedlings to S02. The increase in ethylene production was much greater in birch than in pine, and this may reflect the slightly greater sensitivity of the birch seedlings to S02. Production of ethanol by birch seedlings was quite low while acetaldehyde accumulation was much greater in birch than in pine. This may be due to greater ADH activity in pine than in birch (T. W. Kimmerer and T. T. Kozlowski, manuscript in preparation). The amounts of volatile hydrocarbons produced and the response to S02 stress varied with age of the seedling and age of the individual leaves (T. W. Kimmerer and T. T. Kozlowski, manuscript in preparation). Other Stresses. A number of other stresses and injuries induced production of acetaldehyde and ethanol, while others increased ethylene and ethane production without causing production of acetaldehyde and ethanol (Table I) . Most of these stresses and injuries resulted in formation of necrotic lesions, and these were accompanied by increases in the amount of ethane produced. Water deficit resulted in production of large amounts of acetaldehyde and ethanol, but not until leaf was quite low, and the leaves were severely wilted (Table I; Fig. 4) . With water stress, in contrast to SO2 stress, acetaldehyde and ethanol production occurred after a large increase in ethylene production and just preceded the increase in ethane production and the onset of visible lesions (Fig. 4) . The plants wilted at a leaf 'P of about -1.4 MPa, which is also the point at which the large increase in ethylene production was observed. Note that, although ethanol production declined at very low water potentials, acetaldehyde production continued to increase.
Injury and Volatile Production. In several experiments, ethanol production declined when injury was very severe, while ethane production continued to increase. To examine the relationship between injury and gas production, we compared production of volatiles with percentage of leaf injury in birch seedlings stressed with 0.5 IAI 1`SO2 (Fig. 5) . Production of all four gases was approximately linearly related to the percentage of injury up to about 80%Yo, beyond which production of all gases except ethane declined. In this experiment, only a few leaves without injury were analyzed. As shown in Figure 2 , maximal production of acetaldehyde and ethanol may occur in the absence of visible lesions. .ul I' for 8 h). Injury was estimated visually after incubation of tissue for gas analysis. Each point represents the mean of two gas measurements on individual leaves incubated in 14-ml tubes.
Thus, at a lower SO2 concentration than used in the experiment of Figure 5 , there would be no linear relationship between injury and the production of these two gases.
Oxygen Concentration Effects. In unstressed pine seedlings, no ethanol or acetaldehyde was produced. When seedlings were exposed to hypoxic conditions, these compounds were produced only when the P02 was less than 10 mm Hg (Table I) The data presented thus far are for gas-phase hydrocarbons from head space samples. While ethylene and ethane can be expected to be entirely in the gas phase under the conditions of our experiments, the same cannot be said for acetaldehyde and ethanol. Pure acetaldehyde boils at 21°C, while ethanol boils at 78.50C. At 250C, the temperature of our fumigations and incubations, most of the acetaldehyde could be expected to boil off, and little ethanol would accumulate unless diffusion of acetaldehyde away from the leaf was inhibited. At lower temperatures, much greater accumulation of both metabolites could be expected. Table III shows the results of extraction of pine needles in comparison with the gas-phase production of ethanol and acetaldehyde. While acetaldehyde and ethanol were produced by the stressed plants prior to enclosure in the incubation tubes, there was relatively little accumulation of the products due to volatilization of the acetaldehyde. At lower temperatures, however, both compounds do accumulate to an appreciable degree (Table III) .
Responses of Other Species to Stress. We surveyed a number of crop and woody plants to determine whether acetaldehyde and ethanol accumulation are common responses to stress in plants by using the point freezing assay of Elstner and Konze (5). As shown in Table IV , a number of species and cultivars produced these compounds under freezing stress. There was no clear correlation between taxonomic relationships and production of the stress metabolites, nor did the plants that produced them under one kind of stress always produce them in response to other stresses (data not shown). DISCUSSION S02 stress, as well as a number of other stresses and injuries, induced production of acetaldehyde and ethanol in addition to increasing production of ethylene and ethane. Acetaldehyde and ethanol are not normal products of plants in aerobic conditions, and our results suggest a substantial alteration of respiratory metabolism in stressed plants. Measurement of these two compounds in the gas phase is relatively easy and allows simultaneous determination of these compounds as well as two other important stress metabolites, ethylene and ethane. Gas chromatographic measurement of these four compounds may be a useful, sensitive method for evaluating plant stress, particularly SO2 stress. Unlike ethylene and ethane, acetaldehyde and ethanol appear to be produced only under stress conditions; we have never detected ethanol or acetaldehyde production by unstressed plants in any of our experiments.
In pine seedlings stressed with SO2, acetaldehyde and ethanol production began very soon after the start of fumigation, in the At each sampling time, 1 ml air was injected into the flask and 1 ml head space gas was withdrawn for GC. Control seedlings produced no ethanol or acetaldehyde. Ethane accumulated at a linear rate for the entire incubation, and the rate was not affected by light. 845 absence of any visible injury. Removal of the plants from the SO2 atmosphrere into clean air did not result in immediate cessation of production of these compounds (Fig. 2) The production of ethanol evidently requires living cells, as does ethylene biosynthesis (1) . Figure 5 shows that as necrosis increased above 80%o, the production ofthese compounds declined. This is similar to the results of Elstner and Konze (5) who found that ethylene production by freezing-stressed plants declined when more than 50%o of the leaf was necrotic. The reason for the higher threshold for declining production of the gases in our experiments may be the timing of the injury assessment; we measured necrosis after the incubation and measurement of gas production. There may have been more living cells at the beginning ofthe incubation, producing ethylene and the other gases, and becoming necrotic during incubation as a consequence of the initial stress. The production of acetaldehyde is presumed to require living cells, but the evidence is somewhat contradictory. In S02-stressed birch seedlings, severe necrosis was accompanied by a decline in acetaldehyde production (Fig. 5) . However, in water-stressed birch seedlings, severe water deficits which resulted in a decline in the production of ethylene and ethanol did not cause a concomitant decrease in acetaldehyde production (Fig. 4) .
We have assumed that the source of both acetaldehyde and ethanol in stressed plants is glycolysis, with stress somehow affecting either the uptake of 02 or promotion of pyruvic decarboxylase activity at the expense of pyruvic dehydrogenase activity. It is possible that there is another source of acetaldehyde in plant cells. Lipid peroxidation in vitro can lead to production of several aldehydes, including acetaldehyde (13) . If SO2 causes extensive lipid peroxidation, as Peiser and Yang (12) claimed, then acetaldehyde may be evolved. Since ADH is a constitutive or inducible enzyme in the cytoplasm of plant cells (4) , the production of acetaldehyde by lipid peroxidation would lead to ethanol synthe- Half the seedlings (10 plants) were incubated for 8 h in 14-ml tubes, the head space gas was assayed, and the shoots were frozen in liquid N2, ground to a fine powder, and extracted with H20 at 15C. After filtering, 5 sis. We consider this less likely than an origin of both compounds from glycolysis for two reasons: (a) the quantities of both acetaldehyde and ethanol produced are quite large, and it seems unlikely that a minor product of lipid peroxidation could provide this amount of either compound; and (b) ethane is known to be derived from peroxidized membrane fatty acids, and if acetaldehyde is derived from the same source, the time of peak production of both compounds should coincide. This was clearly not the case (Figs. 2-4 ). This evidence is somewhat circumstantial and needs to be confirmed by more direct methods.
In plants under anaerobic conditions, the production of acetaldehyde and ethanol may be a result of a decline in cytoplasmic pH due to accumulation of organic acids leading to activation of pyruvic decarboxylase (4) . This requires that the control of cytoplasmic pH be overriden by a sufficiently large accumulation of acid species. This may also happen in S02-stressed plants, since dissolution of SO2 in H20 produces acid products (3) . If this is the case, acetaldehyde production will begin as soon as pyruvic de- carboxylase is activated by reduced pH, and ethanol production will begin immediately if ADH is present, or when ADH is induced or activated by acetaldehyde. However, it could be expected that cytoplasmic pH would recover soon after SO2 was removed from the air, since the acid products of S02 are highly reactive and could be expected to disappear rapidly from the cytoplasm (3). This was not the case, as shown by the persistent production of both acetaldehyde and ethanol in clean air (Fig. 2) .
Moreover, there is no compelling evidence that the other stresses which induced acetaldehyde and ethanol production would lower cytoplasmic pH.
Ethane production was increased by S02 in our experiments, but not until lesions appeared (Fig. 2) . This occurred considerably later than other signs of stress, including increased ethylene production and the onset of acetaldehyde and ethanol production. If ethane synthesis were closely linked to the toxic effects of S02 by the peroxidation of lipid membranes, as suggested by Peiser and Yang (12) and by Bressan et al. (2) , ethane production could reasonably be expected to increase well before the appearance of lesions, perhaps even before the increase in stress ethylene production. The disruption of membranes by peroxidation of constituent lipids could then increase membrane permeability, lead to loss of metabolic control, and ultimately cause cellular necrosis.
This clearly was not the case with the woody plants we studied. Rather, ethane production accompanied the formation of necrotic lesions resulting from a variety of stresses (Table I ; Fig. 2 ). In woody plants, then, ethane appears to be a product of the death of cells regardless of the cause of death and is not an important product of stress metabolism. Monitoring of ethane in woody plants under stress may only be useful as a simple, objective measure of necrosis, which is not always easy to assay visually, especially when the extent of injury is small.
